Abstract. Two protein phosphokinases (EC 2.7.1.37) were found to be present in rabbit reticulocytes. The two enzymes were separated by DEAE-cellulose chromatography and called kinases I and II. Adenosine 3':5'-cyclic monophosphate stimulated the activity of both enzymes. However, the degree of stimulation was different and depended on the protein acceptor used. In the presence of adenosine 3':5'-cyclic monophosphate, protein kinase I dissociated into two subunits: a subunit binding adenosine 3':5'-cyclic monophosphate, and a catalytic subunit. The component binding the cyclic nucleotide appeared to act as an inhibitory protein, regulating the activity of the catalytic subunit. The mechanism of action of the cyclic nucleotide on kinase II appeared to be different from that of kinase I.
A stimulation of amino acid activation and polymerization by adenosine 3':5'-cyclic monophosphate (cAMP) was recently observed in rabbit reticulocyte hemolysates by MIalkin and Lipmann.1 In the hope of finding some clues to explain the mechanism of this effect, we studied the binding of cAMP by the supernatant fraction and subfractions thereof. During this search, a concentrate of the reticulocyte translocation factor T2 was found to bind cAMP strongly. This, however, proved to be misleading as this fraction was contaminated with protein phosphokinases (ATP:protein phosphotransferase, EC 2.7.1.37), and further separation by DEAE-chromatography indicated that the kinases rather than the translocase were responsible for the cA1P11 binding. In The mixture was incubated at 370 C for 5 mil and the reaction terminated by the addition of 10% trichloroacetic acid (TCA). The protein precipitate was collected on Whatman GF/C glass fiber paper, washed with 10% TCA, and counted in 5 ml of Bray's solution. 3 Protein concentration was determined by the method of Lowry et al. 4 with bovine plasma albumin as standard.
Enzyme purification: Rabbit reticulocytes were prepared and lyzed according to the procedure described by Allen and Schweet.5 About 500 ml of blood was collected from five rabbits by heart puncture. The supernatant fluid obtained from lysis of reticulocytes was centrifuged at 100,000 X g for 90 min. The pellet was discarded, and the supernatant was made 1% with streptomycin sulfate. The mixture was allowed to stand for 15 mim, and then centrifuged. Solid ammonium sulfate was added slowly with stirring to the suI)ernatant fraction to 50% saturation, and left for 30 min. After centrifugation, the precipitate was dissolved in 0.02 M Tris-HCl, pH 7.5, containing 1 mM dithiothreitol (buffer A), and was dialyzed overnight against this buffer. The enzyme solution was then a)pplied to a DEAE-cellulose column (2 X 8 cm) which had been previously equilibrated with buffer A. The column was washed with 100 ml of buffer A, and the enzymes were eluted with a KCl gradient from 0 to 0.2 M using a total volume of 300 ml. Protein concentration was monitored at 280 nm, and kinase activity was determined as described in the previous section. The peak fractions of kinase activity were pooled, concentrated by ammonium sulfate precipitation, dialyzed overnight against buffer A, and then stored in liquid nitrogen until used. The overall purification was about 30-fold. All operations were carried out at 0-40C. phosphorylation by cAMP depends on the protein acceptor used. The phosphorylation of casein by both kinases was not affected by the cyclic nucleotide. When protamine was used as the acceptor, kinase I showed a stimulation of about 110% by cAMP, but kinase II activity was not affected. Of all acceptors used, arginine-rich histone appeared to be the best. The degree of stimulation by cAMP of the phosphorylation of lysine-rich histone and arginine-rich histone, was different for kinases I and II. In all cases, cAMP had a greater effect on kinase I.
The histone-32P linkage was found to be stable when heated at 100°for 15 min at neutral pH. In 1 N KOH, under the same heating conditions, the histone-32P linkage was completely hydrolyzed. This alkaline lability suggests that the Binding of cAMP to kinases: As already shown in Fig. 2 , the concentration of cAMP required for maximum stimulation of both kinases I and II was about 5 X 1O-7 M. It appears that both kinases have a high affinity for the cyclic nucleotide. The binding of cAMP to the enzymes could be demonstrated by Sephadex G-50 gel filtration. Fig. 3 shows that when a mixture of enzyme and [3H]cAMP was applied to a Sephadex G-50 column, a portion of the radioactivity was found to co-elute with the enzyme fraction. Similar results were obtained for both kinases I and II. When the radioactive material that eluted with kinase I was chromatographed on a thin-layer of cellulose,6 all the radioactivity remained with it and corresponded to cAMP. However, in a similar experiment using kinase II, only 60 to 70% of the radioactive cAMP was recovered, perhaps because of contamination with degrading enzyme. This binding of cAMP to both enzymes did not require M
The binding of cAMP to kinases could also be demonstrated using Millipore membrane filtration. 370C. However, the mixture was routinely incubated at 370C for 3 min. Mg++ appeared to promote a bettqr retention on the Millipore filters of the complex between [3H]cAMP and the kinases. This effect was greater for the cAMP-kinase II complex than for the cAMP-kinase I complex. The adsorption of the cAMP-kinase complex on Millipore filters constitutes a useful technique for the binding assay.
Dissociation of protein kinase I in the presence of cAMP: The sedimentation behavior of protein kinase I in a 5 to 20% sucrose gradient is depicted in Fig. 5 . Sucrose density gradient centrifugation was carried out according to the procedure described by M\lartin and Ames.7 Kinase I activity sedimented into two (a)~~~~~~~~~~~~a l I NX fM Y *1 a) Kinase I was sedimented in a sucrose gradient containing no cAMP. Kinase activity (t-i ) was determined in the presence of cAMP. The cAMP-binding activity (e 0 ) was determined using the Millipore technique described in Fig. 4 . 14 Kinase I was sedimented in a sucrose density gradient containing 4 X 10-6 M ['H]cAMP. 0.15 ml of kinase I (4.6 mg/ ml) and 5 ,A of [8H] cAMP (0.16 ,smol/ml) were incubated at 0C for at least 10 min before layering over the gradient. Two-drop fractions were collected and the binding of cAMP was determined by taking an aliquot of each fraction, which was made 10 mM in MgCl2, and then filtered through a Millipore membrane. The filter was washed as described in Fig. 4 . Kinase activity was determined in the presence of cAMP. 0-0, kinase activity; 0-C, [3HI cAMP bound. distinct peaks. Using yeast alcohol debydrogenase (MW 151,000) and horse liver dehydrogenase (MW 84,000) as standards, the molecular weight of the heavy peak was estimated to be about 140,000 and the light peak about 60,000. The heavy peak appeared to be almost completely dependent on cAMIP for activity. On the other hand, the activity of the light peak was independent of cAMP. The binding activity for cAMP as measured by the i\Iillipore technique was found to coincide with the dependent peak, as shown in Fig. 6a . The light kinase that was independent of cAMP did not bind cAMP.
When the centrifugation was carried out in the presence of [3H]cAM\IP, a single peak of protein kinase activity was obtained which sedimented at the same position as the independent fraction (Fig. 6b) . This seemed to indicate that, in the presence of cAMP, the heavy, dependent, fraction had dissociated into a light component possessing enzymatic activity. This dissociation must have involved the interaction of this protein with cAMP. Therefore, it was of interest to determine the distribution of the binding activity for cAM'IP in the sucrose gradient following the dissociation. Since the sucrose gradient contained labeled cAlVIP, the sedimentation pattern of the binding activity could be determined readily by using the Millipore filtration technique. As shown in Fig. 6b , the cAMP binding activity appeared as a single peak which sedimented slightly ahead of the light, cAMP-independent, enzyme. The molecular weight of the cAMP-binding protein was estimated to be 80,000. The sedimentation pattern of kinase I was not affected by AMP or ATP. cGMP appeared to be as effective as cAMP in promoting dissociation.
Sucrose density gradient centrifugation of kinase II in the presence and absence of cAMP: The sedimentation profile of kinase II in a sucrose density gradient is shown in Fig. 7 . In the absence of cAMP, the kinase activity sedimented as a single symmetrical peak. The molecular weight of this peak was estimated to be 140,000, similar to that of heavy kinase I. The kinase activity of this peak was stimulated by cAMP. When the sedimentation of kinase II was carried out in a sucrose gradient containing 0.1 mM cAMP, the kinase activity was distributed in a broad asymmetrical peak. The cyclic nucleotide also seemed to cause some molecular alteration of kinase II. However, the changes appeared to be different from that observed for kinase I.
Conclusions. Depending on their sequence of elution with a salt gradient from the DEAE-column, the enzymes were identified as kinase I and II. Of these, the kinase I proved to be most interesting. When kinase I was sedimented in a sucrose density gradient, two peaks possessing enzymatic activities were detected. However, only the heavier sedimenting component was stimulated by cAMP. The activity of the light component was independent of the cyclic nucleotide, and did not bind cAMP. The molecular weight of the heavy fraction was estimated to be about 140,000, and that of the light about 60,000.
With cAMP present in the gradient, a single kinase activity peak sedimented at a position analogous to the light fraction, suggesting that cAMP causes a dissociation. This is supported by finding an inactive component which sediments slightly ahead of the light activity peak and which binds cAMP. The molecular weight of this component was estimated to be 80,000. These results suggest that the heavy protein kinase I fraction is an inactive form and that cAMP binds to and dissociates an inhibitor of a little more than half the molecular weight leaving the light, catalytically active, form behind. We realize that there are limitations to such an interpretation since the experiments were done with an impure system. However, the proposition does constitute an attractive working hypothesis and would present a novel mode of enzyme regulation. Since completion of this work, a paper by Gill and Garren'2 has appeared which reports experiments, with a protein kinase from adrenal cortex, that are interpreted to indicate a similar mechanism of cAMP stimulation.
Kinase II, in a sucrose density gradient, sedimented at a position very similar to the heavy kinase I fraction. Its molecular weight was estimated to be about 140,000. In the presence of cAMP, the sedimentation profile of kinase II became asymmetrical and was different from that observed for kinase I. This indicates that cAMP may also cause structural changes of this molecule. However, since some cAMP-degrading enzyme appears to contaminate kinase II preparations, the interpretation of these results has to await further enzyme purification.
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